Abstract-A new compensating system is proposed to reduce the ratio error and the phase error of inductive voltage dividers and standard voltage transformers, operating at no load. An electronic amplifier reduces the input current, which is the main cause of error in low-frequency applications, while at the same time the input impedance is greatly increased.
I. INTRODUCTION

E
LECTRICAL measurements in many applications require the use of a precision ac voltage divider. Inductive dividers are frequently used because the voltage ratio is close to the turns ratio for low output current, and so it is possible to achieve high accuracy.
The main use of inductive voltage dividers (IVD's) is in noload applications. Many standard voltage transformers (VT's) are also used with very low output currents. Even under such conditions, the primary-winding currents may be significant. In low-frequency applications (power frequency), this is mainly because of the excitation current (magnetization and core losses), while at high frequency this is caused by interwinding capacitances. These currents produce error voltages because of the winding resistances.
Many methods have been proposed to obtain low error devices. A conventional technique (two-stage) uses double cores and windings. One stage provides the excitation current, and the other is used for the ratio measurements [1] . Using this method, it is possible to obtain very low errors, but comparatively large and heavy cores are necessary. This factor limits their use in portable measurement equipment. In twostage VT's and IVD's however, the total input current is similar to that of a conventional VT, so that this technique is not recommended where high input impedance is necessary, unless the excitation winding is fed from a separate supply.
Electronic-compensating methods have been proposed, one of which [2] reduces the error caused by the output current but does not compensate for the magnetization-current error. Previously, this author proposed a method [3] that compensates for the errors related to the output current and also to the magnetization current. This technique was proposed only for VT's, but to apply it to an IVD would be very cumbersome because many compensating components depend on the selected ratio.
Manuscript received April 20, 1996; revised October 26, 1998. The author is with the UTE-Laboratorio, Montevideo, Uruguay. Publisher Item Identifier S 0018-9456(98)09816-7. Other methods of compensation have been proposed which reduce the excitation current, and hence provide a high input impedance [4] , but for this method a high power amplifier is required, large cores are necessary, and error compensation of as little as a factor of 12 is achieved. Fig. 1 shows the principle of the proposed method of compensation. In this method, the output current of an electronic device drives an auxiliary winding turns). The amplifier has two stages. The first stage gives a voltage proportional to the input current, while the second is connected as a transconductance amplifier. Then (1) where is an amplifier coefficient (equal to for ideal OpAmps) and the primary winding current (which is intended to be reduced). If the secondary current of the IVD is negligible, then the magnetomotive force, is in ampere-turns (2) where is the number of primary turns. Combining (1) and (2)
II. PROPOSED METHOD
The magnetomotive force required by the core depends, mainly, on the input voltage. This is shown in the following 0018-9456/98$10.00 © 1998 IEEE equations. By definition: (4) with being the magnetic field strength (in ampereturns/meter). There is a relationship between and magnetic flux density, in tesla) depending on the magnetic characteristic of the core, and (5) where is the iron-section. In this last equation, the voltage drop in the primary-winding resistance, caused by the primary current, was neglected, because of the very low value of this current.
Then, (3) shows that can be reduced (for a given primary voltage) if the factor is large enough. This factor has a practical limit, given by the stability of the circuit. However, with simple electronic components, it is possible to achieve values around 500. The total power required by the compensating circuit is only the power demanded by the core (0.4 VA in the prototype). The active components are only two operational amplifiers and two small transistors, not shown on the diagram.
Moreover, the input impedance is increased in the same factor of , because an independent source drives the auxiliary winding. Thus, a comparatively small VT or IVD may be achieved, with very high input impedance.
The component of error caused by the voltage drop in the primary-winding is greatly reduced by the compensating method. However, components of the error caused by interwinding stray capacitances and the effects of flux leakage are not reduced and therefore may become the major source of error.
Other techniques are necessary as proposed in [5] to reduce the error caused by interwinding capacitances.
Electronic Errors: At present, high-performance and lowcost operational amplifiers are common (open loop dc gain 8-MHz gain-bandwidth, low noise: 3 nV/ Hz and very low input offset voltage 10 V). Even with these features, a significant dc current component at the output of the electronic circuit may exist. This is mainly caused by the first OpAmp offset voltage (both OpAmps are of the same type). The ratio between and the rms value of the ac component of the output current, in the compensating winding, is (6) where is the resistance of the primary winding and the rms value of the primary current (with the compensating device). It is assumed that . In some cases, that dc component moves the magnetic loop so little that the compensating method is not affected. Otherwise, a dc blocking capacitor between the OpAmps is necessary.
To analyze the performance versus the frequency, the OpAmp is modeled like a low-pass filter. Phasor analysis is used in this section (with phasor variables in upper case). (7) where is the open loop gain, the angular frequency and the time constant of the filter. The cutoff frequency of the OpAmps used in the prototype is 4 Hz and the slope is 20 dB/decade.
To reduce the output power of OP2 (see Fig. 1 ), it is necessary in the design that . Therefore,
The transformer (composed of the primary and the auxiliary windings) is represented only by its no-load impedance because of the low value of . The voltage drop in the through impedance can be neglected. Also, it is assumed that the magnetization impedance increases linearly with frequency, and the core losses diminish because of the reduction of the magnetic flux. Finally, for this analysis, is neglected in relation to . Then, the magnetomotive force is . Combining with (2) (9) From (8) and (9), the amplifier coefficient can be calculated as (10) Equation (3) shows that only the modulus of is relevant to the compensation (assuming Using the design parameters of the prototype k @ 70 V, 50 Hz), the decrease of from its ideal value is less than 0.01% at 50 Hz and 1% at 500 Hz. At 5 kHz, the value of is still above 50% of the ideal value. However, at this frequency other error sources become more important than the magnetization current and frequency effects can be neglected. Also, in actual compensating circuits it may be necessary to add some additional feedback to get stable conditions. In those cases, (10) must be derived again to verify the frequency influence.
Another error source comes from the small ac voltage that exists across the differential input of OP1. This voltage is added to the input voltage , changing the voltage across the primary winding. The value of that voltage is (11) where is the output voltage of OP1. In the prototype, is 0.8 V when the primary voltage has its nominal value and frequency (70 V, 50 Hz). Under these conditions, the voltage is 5 V, less than 0.1 V/V of the primary voltage. This relative error remains of the same order if the primary voltage varies, because primary voltage and primary current are nearly linearly related (depending on the magnetic design), and . So, and then are approximately constant. From (11), Ve also remains the same if the frequency is increased, because and then , decrease. On the other hand, in high-precision IVD's where this error source is significant, it is possible to compensate for it using an OpAmp as a follower, as is shown in Fig. 2 . The output voltage of OP3 is also . Then, the voltage across the primary winding is the same as the input voltage. As is only of the order of a few microvolts, the ac differential voltage in the input of OP3 can be neglected.
III. EXPERIMENTAL EVALUATION
As a component of a tangent-delta bridge for 50 Hz, a threedecade IVD was designed using the proposed compensating method. A schematic circuit is shown in Fig. 3 . The excitation current goes only through the first decade, and the main error is caused by the voltage drop in it. In the other decades, the current is zero. The switches have only one pole for the decade connection, although lower errors could be obtained if a double-pole connection was used.
When the first decade is adjusted to zero, the IVD operates like a transformer, where the primary is the first decade and the others are the secondary. In this position, the error is caused by the voltage drop across all the resistances of the primary winding and so constitutes a worst case situation. In other positions of the first decade, some partial compensation exists between the partial voltage drops along the winding.
The main construction components of the prototype are the following.
Core: Toroidal, 6.6-cm outer diameter, 2.6 cm high, and 3 cm area, type ORSI 97 (permeability 40 000).
Windings: First decade: 1000 turns in 10 sections, rope type. Wire diameter: 0.2 mm (the same for all three decades). Second decade: 100 turns; third decade: 10 turns, with 10 sections each.
Auxiliary Winding: 113 turns, directly on the core, 1 layer, wire diameter: 0.7 mm. Fig. 4 shows the external appearance of the divider. It was tested, with sinusoidal voltage, with and without the compensating circuit. The rms values of the primary current against the primary voltage are shown in Table I (frequency 50 Fig. 3 . Schematic circuit of the proposed compensating method, applied to the prototype inductive voltage divider. All windings share a common core. Hz). The current was measured in the high-voltage terminal. The first column is the voltage, the second is the current with compensation and the third is the current without compensation. The compensating circuit reduces the current by a factor of 150-200 throughout the voltage range. In the electronic design, the amplification coefficient was set to 2200. This gives a factor . In reality, the current was reduced to slightly less because of interwinding capacitances between the first and second decades. Table II shows the measured error, while varying the input voltage between 5 and 70 V. The adjusted ratio was 0.0X0 (first and third decades at zero, second at 10). In this case, the divider has a configuration similar to a transformer and the error is at its greatest. Error results are expressed in terms of unit ratio (in-phase:
and quadrature: , according to IEC standard [6] ). Also, the modulus of the error is shown in this table. The results show that the compensating system reduces the errors by a factor of 170. This value is in accordance with the current reduction. The measurement uncertainty was 1 V/V (confidence level 95%), mainly from the standard IVD used in the test. Table III shows the modulus of the measured erorr for all the decades, with compensation at 50 V, 50 Hz. When tested on one decade, the others were set to zero. The results show that the maximum error is around 3 10 , which is very satisfactory for a divider of such small size, 1.4 V/Hz, using only switches with one pole connections between decades.
IV. CONCLUSION
It has been shown that with the proposed electronic compensation method it is possible to obtain a very small IVD, with a ratio error within 3 10 and input impedance greater than 2 M (at 50 Hz). An error reduction by a factor of 170 was achieved in the experimental evaluation. New fields of application may be opened with this equipment in portable measurement instruments. By the same token, this technique can reduce the low errors of standard IVD's and VT's, even further.
The electronic device is very small and inexpensive. Only two OpAmps and two small transistors are all the active components needed. The total power requirement is less than 0.5 VA.
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